Abstract The purpose of this study was to determine the influence of ultrasound intensity, pulse and temperature on extraction of caffeine, from Arabica coffee beans using water as solvent, and ultrasound frequency of 24 kHz. A central composite design was used, using ultrasound intensity (31.5-105 W cm -2 ), pulse (0.30-1) and extraction temperature of the extraction (30-60°C) as independent factor. The caffeine recovery and caffeine diffusion coefficient were response variables. The ultrasound intensity and extraction temperature significantly influenced the caffeine recovery rate and the diffusion coefficient of caffeine. Activation energy of 48.95 kJ mol -1 for the caffeine diffusion coefficient in ultrasound assisted extraction was observed. The best results were obtained at 68.25-105 W cm -2 ultrasound intensity and 60°C temperature, corresponding to caffeine recovery of 58.4-69.4% and diffusion coefficient of 8.92-10.57 9 10 -11 m 2 s -1 . The pulse effect was not significant in the range of the studied variables.
Introduction
The decaffeination process of coffee beans traditionally uses extraction technology based on dichloromethane as solvent, associated with the use of water vapor to swell the grains and to eliminate the solvent (Farah 2012) . Another extraction technology called ''Secoffex'' process uses hot water at temperatures between 70 and 90°C, containing soluble solids in equilibrium with the soluble solids inside the coffee bean, which creates a favorable medium for only the diffusion of caffeine, preserving better soluble solids composition in the decaffeinated coffee bean (Chang and Ho 2014; Heilmann 2001) . However, the use of high temperature modifies the polymeric matrix of coffee beans, which is mostly composed of polysaccharides (Farah 2012) , consequently modifying the sensory attributes of decaffeinated coffee. Therefore, in order to improve the process using the advantages offered by the high intensity ultrasound technology in the extraction processes (Mulet et al. 2002) , due to its ability to accelerate the mass transfer process in the cell walls of vegetables (Chemat et al. 2011) , may also contribute to improve sensory attributes, once conducted at lower temperatures.
The sonication produces the cavitation phenomenon, which consists of the formation of bubbles in the liquid that collapse explosively, generating high localized pressure and elevation of the local temperature (Ghafoor et al. 2014) . The mass transfer phenomenon can be enhanced by the asymmetric implosions of the cavitation bubbles in the vicinities of the solid-liquid interface generating micro-jets (Cárcel et al. 2012; Chemat et al. 2017) . This cavitation phenomenon occurs in ultrasound frequencies in the range 20-1000 kHz (Cheeke 2012) . Nevertheless, high intensity ultrasound (10-1000 W m -2 ) is applied at low frequencies (20-300 kHz) to obtain high acoustic power density (Mulet et al. 2002; Picó 2013) . Ultrasound assisted extraction (UAE) was investigated in the extraction of oils, proteins and bioactive compounds from plant and animal materials, resulting in higher yield of the extracted components, a higher extraction rate and a reduction in extraction time (Chemat et al. 2017; Picó 2013) . However, to best of our knowledge no research publications were found on the caffeine extraction from coffee beans using ultrasound. The extraction of caffeine was investigated using ultrasound from other materials, such as from cacao seeds and chocolate (Peralta-Jiménez and Cañizares-Macías 2013), from green tea leaves (Jun 2009; Sereshti et al. 2013) . Wang et al. (2011) applied ultrasound in the preparation of the coffee beverage from roasted and ground coffee, which results indicated strong influence of the extraction temperature (5-95°C) and higher caffeine concentration at 28 kHz than at 40 kHz operating frequencies, under the same extraction conditions.
Thus, there is a need for scientific research on the ultrasound assisted of the decaffeination of green coffee beans using water as solvent in order to verify its influence on the process. The present study aimed to evaluate the effect of ultrasound intensity and pulse and of the extraction temperature on the transfer rate of caffeine from the coffee beans to the aqueous extract, on the diffusion coefficient and on the caffeine recovery.
Materials and methods

Materials
The green coffee beans, Arabica variety, 2011/2012 harvest, were supplied by a local producer in the municipality of Bálsamo, state of São Paulo from a regular agricultural production lot, without peel, with 11% moisture (wet basis), and average concentration of caffeine of 0.0119 ± 0.0002 g g -1 (dry basis), providing raw material for all the experiments conducted in the same year of harvesting.
Caffeine [ 99% purity (Cat. No. 1.02584.1000) used as standard was purchased from Merck (São Paulo, Brazil) and methanol UV/HPLC (Code 2062) was supplied from Vetec (Rio de Janeiro, Brasil).
Ultrasound assisted extraction of caffeine from coffee beans in water Before performing the caffeine extraction experiments, the coffee beans were hydrated based on the ''Secoffex'' procedure described by Heilmann (2001) . Firstly, 200 g of coffee beans were placed in 1 l of distilled water, heated at 90°C for 30 min, cooled and kept at room temperature for 12 h. After that time, the beans were discarded and the liquid aqueous extract was used to humidify 150 g of coffee beans at a temperature of 5°C for 24 h in order to minimize the extraction of soluble solids and caffeine in the hydration step.
The system shown in Fig. 1 was used for the caffeine extraction process. The ultrasound device used was the UP400S model (400 W, 24 kHz) manufactured by Hielscher Ultrasonics (Teltow, Germany) coupled to a H14 transducer probe (14 mm diameter and 100 mm length) that provides a maximum nominal ultrasound intensity of 105 W cm -2 , introduced into an extraction cell of 1 L capacity, loaded with * 120 g of green coffee beans for the ultrasound application, equipped with a system of liquid extract circulation through coffee grains (7 L min -1 ) and a jacket to keep constant temperature. An ultra-thermostatic bath (Nova Etica 521-2D, São Paulo, Brazil), filled with * 10 L of distilled water, was used to keep the liquid extract at a constant temperature flowing inside the extraction cell. The ultrasound intensity transmitted by the transducer was stablished by setting the percentage of power control amplitude (30-100%, corresponding to 31.5-105 W m -2 to ultrasound intensity, respectively). The caffeine content in the coffee bean and in the liquid extract was determined based on the methodology described by ISO 20481:2008 (International Organization for Standardization 2008 . In brief, HPLC analysis was performed at room temperature (25°C), using C-18 column (Dionex C-18, 4.6 9 250 mm) and water/methanol (76:24, v/v) as the mobile phase in isocratic elution at 1 mL min -1 flow rate and the detector (Jasco UV-975) was set at 449 nm wavelength. For the quantification of caffeine in the extract, 100 mL of sample was placed in the Soxhlet extractor heated at 90°C for 20 min in the presence of 1 g of magnesium oxide. The filtration and injection steps were the same as described for determining the caffeine in the coffee bean.
The moisture of the coffee beans at all stages was determined using the methodology described by ISO 
Experimental design
A central composite design was used with tree factors, five levels each (Table 1) and four repetitions at the central point, for the ultrasonic intensity application (31.5-105 W cm -2 ) and the pulse of ultrasound (0.3-1), defined as the time in seconds the acoustic irradiation is taking place per one second of device functioning, where 1 would be continuous, and temperature (30-60°C). The factor levels (-1, 0, ?1) were adjusted to the approximated controllable values in the configuration of the ultrasound equipment. A wide range of values was considered both for the intensity and for the ultrasonic pulse, considering the operational characteristics of the equipment. The temperature range was established for the operation above room temperature and lower than temperatures that might cause physical changes in the cellular structure of the coffee bean besides avoiding higher energy consumption. Response variables were the percentage of caffeine recovery and the diffusion coefficient of caffeine in the hydrated coffee beans.
The obtained results were statistically evaluated by the analysis of variance at 5% significance level and by applying the response surface methodology. In order to obtain the desirability profiles to maximize caffeine recovery and caffeine diffusion coefficient, data were fitted by the least square method using the STATISTICA (v. 10, StatSoft Inc. 2011) software, by assigning predicted values a score ranging from 0 (very undesirable) to 1 (very desirable).
Mathematical diffusion model to determine the diffusion coefficient
The diffusion coefficient of caffeine in coffee bean (D) was calculated from the analytical solution of Fick's model for the hemisphere, considering the coffee bean having similarity to this geometry, shown in Eq. 1 (Bon et al. 1997; Huamaní-Meléndez and Darros-Barbosa 2018 ), c ? is the surface concentration (kg m -3 ), k nm R are the roots of Bessel function of the first kind and 2n þ 2 = 3 order, t is the time (s) and B nm is expressed as Eq. 2 with u = cos (a). 
where J 2nþ3=2 and J 2nþ5=2 are the Bessel functions of the first kind of 2n þ 3 = 2 and 2n þ 5 = 2 order respectively, P 2nþ1 is the Legendre polynomial of 2n ? 1 order, r is the radial position and R is the characteristic dimension (equivalent hemispherical radius, R = 0.486 ± 0.025 cm) was obtained by equalizing the volume of wet coffee beans (57.30 ± 0.85% wet basis moisture) with the volume of the hemisphere.
For the experimental data, the Eq. 1 was solved using the ''Evolutionary'' algorithm from Excel software (Microsoft Office Professional Plus 2010), and the roots of the Bessel functions and Legendre polynomial were numerically calculated using the Maple software v. 14.00. The convergence criterion used for the hemisphere model was the tolerance, which is the ratio between the difference of the values of the iteration and the actual value expressed as dimensionless concentrations,
0001, so the number of terms in the series varied between 20 and 200 terms.
Five experimental points were obtained by taking 100 mL of extract samples from three replicates at 0, 10, 25, 40 and 60 min, and the fitting was evaluated using the coefficient of determination, R 2 . To further investigate the effect of temperature on the diffusion coefficient of caffeine during sonication, the data were fitted to a linearized Arrhenius type (Eq. 3).
where D is the effective diffusion coefficient, D 0 is the initial diffusion coefficient, E a is the energy of activation for diffusion, R g is the universal gas constant [8.314 J (mol K) -1 ] and T is the absolute temperature.
Results and discussion Table 2 shows the values of the percentage recovery of caffeine and caffeine diffusion coefficient. The validity of fitted regression model equation for the uncoded variables was analyzed by performing ANOVA analysis. The significance of each factor effect was determined by the corresponding Fisher's statistical test (F-test) at 0.05 level of significance.
From ANOVA, the linear (P \ 0.001) and quadratic (P = 0.033) effects of temperature, the linear effect of ultrasonic intensity (P = 0.002) and interaction between temperature and ultrasonic intensity (P = 0.031) significantly effected the percentage of caffeine recovery, with P = 0.365 for the Lack-of-Fit test, indicating that the model was appropriate. The effect of the pulse (P = 0.535) or its interactions were found to be non-significant in the studied range. Using the second-degree polynomial model reduced only the significant effects (Eq. 4, with R 2 = 0.97), and the response surface is shown in Fig. 2 . It can be seen that the temperature exerts great influence on caffeine recovery, similar to the ultrasound assisted caffeine extraction from coffee powder during preparation of coffee beverage (Wang et al. 2011 ). Temperature contributes to the extraction efficiency, because it strongly affects the properties of the solvent (decrease of both viscosity and surface tension, and induces an increase in the vapor pressure). Some authors report a beneficial effect of temperature rise from 20 to 70°C compared to non-sonicated extractions, justified by an increase in the number of cavitation bubbles, enhancements of solvent diffusivity and increase in the contact area (Chemat et al. 2017; Esclapez et al. 2011; Shirsath et al. 2012) . However, the effect of the ultrasound intensity was also significant in the present study. The extraction yield usually increases consistently with the power intensity applied (Esclapez et al. 2011) 
The interaction effect of temperature and ultrasonic intensity was significant, which showed a synergistic effect of both. The effect of the ultrasound was especially noticeable at higher temperature, probably due to the most plastic deformability of the coffee bean favored by high temperature, facilitating the transmission of the sonic energy in the hydrated bean. At the lowest temperature the coffee bean structure tended to be more rigid, so the sonic energy may have not effectively transmitted in the solid matrix, resulting in less recovery of caffeine. Similar effects of temperature and ultrasound, on recovery of malic and tartaric acids from grapes using water as solvent were reported (Palma and Barroso 2002) .
The pulse effect was found not significant in the investigated range. The influence of the ultrasound pulse in the extraction process was not sufficiently investigated. In some cases, the proper use of the pulse mode of ultrasound can replace continuous irradiation by ultrasound in order to reduce the electrical energy consumption (Esclapez et al. 2011; Hashemi et al. 2015; Sun et al. 2011 ).
The caffeine diffusion coefficient in coffee beans, showed correlation coefficient in the range of 0.86-0.99 (Table 2) . From the experimental data for the caffeine diffusion coefficient, the analysis of variance showed that the temperature (linear and quadratic, P \ 0.001) and ultrasound intensity (P = 0.001) significatively influenced the caffeine diffusion coefficient with P = 0.444 indicating that the model is appropriate to explain specify the correlation. The effect of the pulse (P = 0.351) or its interactions were not significant. The model for the uncoded variables reduced only for the significant effects is expressed by Eq. 5 with R 2 = 0.98.
Figure 3 shows the effect of the ultrasound intensity and temperature in the diffusion coefficient without pulse level effect. The ultrasound mechanism may be explained by the implosion of bubbles produced favored by cavitation generating inter-collision turbulence at high speed and disturbing the particles of the microporous matrix and accelerating the diffusion mechanism in the liquid and in the solid phases (Boonkird et al. 2008; Chemat et al. 2008; de Castro and Capote 2007) . Moreover, the cavitation at the solid-liquid interface promotes intense movement of the liquid through the cavities, causing clashes by microjets, resulting in the collapse and erosion of the particles at the surface. This effect produces the exposure of new The diffusion coefficient of caffeine in the coffee beans was improved as the temperature and ultrasound intensity increased. Similar results were obtained during the extraction of phenolic compounds from grape marc, under sonication from 20 to 50°C, and acoustic energy density from 6.8 to 47.4 W L -1 by Tao et al. (2014) . Using Eq. 3, the energy of activation obtained was 48.95 kJ mol -1 (R 2 = 0.94) for the extraction of caffeine from coffee beans in the water extraction process assisted with ultrasound. For the diffusion of caffeine into the coffee beans in an aqueous extraction process (no ultrasound), Chiang et al. (2018) and Huamaní-Meléndez and Darros-Barbosa (2018) found activation energy values of 57.2 and 59.93 kJ mol -1 , respectively. The lowest value of activation energy in the ultrasonic assisted extraction of the present study is due to the synergistic effect between temperature and ultrasound. Spiro and Selwood (1984) obtained an activation energy of 32 kJ mol -1 for the caffeine diffusion coefficient in the aqueous extraction process from coffee powder (not the beans). The high magnitude of the activation energy for the caffeine diffusion in the ultrasound assisted extraction from coffee beans compared to the extraction from coffee powder can be attributed to the particle size and to the cracking due to the roasting and grinding coffee. Figure 4 shows the desirability profiles for each process variable and response predicted at the best conditions. Desirability profiling shows the predicted values for both caffeine recovered and diffusion coefficient simultaneously at different combinations of levels of the independent variables (ultrasound intensity, pulse and temperature), below which the response was undesirable. Both caffeine recovery and caffeine diffusion coefficient was the highest at the highest temperature (60°C) and ultrasound intensity between 68.25-105 W cm -2 range, (58.4-69.4% and 8.92-10.57 9 10 -11 m 2 s -1 ). The pulse appears to have no significant influence, as has already been shown by the analysis of variance, both for caffeine recovery and for the caffeine diffusion coefficient value. Thus, the model is valid to predict both responses simultaneously within the studied range with 95% confidence level.
In order to observe the influence of ultrasound on the caffeine diffusion coefficient in the coffee beans, an experiment was carried out at 55°C (value within the studied range and near the best), ultrasonic intensity of 89.25 W cm -2 (best range) and pulse of 0.7 (arbitrarily chosen since this effect was not significant) in order to compare to the aqueous extraction process without ultrasound at the same temperature (Fig. 5) , using the values of the diffusion coefficient of caffeine in coffee beans considering to the hemispherical geometry. The diffusion coefficient of caffeine in coffee beans calculated for the process assisted with ultrasound was 7.436 9 10 -11 m 2 s -1 (R 2 = 0.988), and without ultrasound resulted in 6.126 9 10 -11 m 2 s -1 , showing an increase of 21% due to the ultrasound. Caffeine extraction with ultrasound, presents new opportunities for the industry, due to which the use of this technology can decrease the processing temperatures, avoiding major changes in the polymeric matrix of the coffee bean.
As can be seen in Fig. 5 , the mathematical model proposed in Eq. 1 resulted in higher values for the dimensionless concentration of caffeine in the bean for shorter extraction times (experimental data under the curve). This was also observed by Boonkird et al. (2008) in the capsaicinoids extraction process assisted with ultrasound of Capsicum frutescens (chilli pepper), on which the extraction rate was particularly intense in the beginning, and after about 5 min declined the intensity. In the present study this effect can be explained by considering that the caffeine present in the solution within the capillaries as part of the bean matrix were easily removed by the cavitation mechanism at the solidliquid interphase (Cárcel et al. 2012) . Moreover, in the first stages of the application of ultrasound, it produces rupture in the tissue of the superficial layers accelerating the extraction process and after this stage, the concentration gradient decreases. 
Conclusion
The ultrasound intensity and the temperature influenced significantly the recovery of caffeine and the diffusion coefficient of caffeine. The low energy of activation (48.95 kJ mol -1 ) compared to the extraction without ultrasound, indicated the positive action of the ultrasound, showing synergistic effect with temperature. Using ultrasound intensity in the range of 68.25-105 W cm -2 at 60 8C gave best values for both the recovery and caffeine diffusion coefficient. Ultrasound pulse (pulsed or continuous) did not show significant influence, which can be of commercial interest since pulse ultrasound may improve transducer probe shelf life and energy consumption. An increase 21.4% was observed in diffusion coefficient of caffeine assisted with high intensity ultrasound (89 W cm -2 ultrasound intensity and 0.7 pulse) at 55°C temperature was observed. The proposed hemispherical mathematical model adjusted well (at R 2 [ 0.9) for most of the experimental data obtained from ultrasound assisted caffeine water extraction from coffee beans. 
